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Abstract
We measured Weber fractions for discriminating the speed of cyclopean gratings and Weber fractions for discriminating the
speed of luminance gratings. Of our 14 observers, five were unable to see the cyclopean grating sufficiently well to discriminate
its speed. One observer experienced great difficulty in discriminating the speed of cyclopean gratings, even though her threshold
for detecting cyclopean gratings was low, and even though she discriminated the speed of luminance gratings on the basis of the
task–relevent variable. But several observers based their speed discriminations on trial-to-trial variations of the task–relevent
variable while ignoring associated trial-to-trial variations in all task–irrelevant variables (specifically: displacement; temporal
frequency; spatial frequency; and presentation duration). We conclude that the visual systems of these observers contain a
specialized neural mechanism for the speed of cyclopean gratings that supports acute discriminations of speed (Weber fractions
were as low as 0.05–0.07). © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
We previously reported Weber fractions for two-task
discrimination of the speed and the displacement of a
sharp-edged cyclopean rectangle that was moving par-
allel to the frontal plane (Portfors-Yeomans & Regan,
1996). All six observers based their speed discrimina-
tions almost entirely on trial-to-trial variations of the
ratio (displacement, i.e. distance travelled):(time taken),
i.e. on speed, and based their displacement discrimina-
tions almost entirely on trial-to-trial variations of dis-
placement. We concluded that the human visual
pathway contains two mechanisms, one sensitive to the
speed and the other to the displacement of a cyclopean
target, and that speed and displacement are encoded
independently and neurally-represented simultaneously.
Weber fractions for speed and for displacement ranged
from 0.09 to 0.20 and 0.06 to 0.16 respectively. Weber
fractions for discriminating the speed of a monocularly-
visible target (0.07–0.16) were only slightly lower than
the cyclopean Weber fractions.
The conclusion that there is a specialized mechanism
for cyclopean speed is in accord with the view of
Patterson and his colleagues (Patterson, Ricker, Mc-
Gary & Rose, 1992; Bowd, Rose, Phinney & Patterson,
1996; Patterson & Becker, 1996; Patterson, Donnelly,
Phinney, Nawrot, Whiting & Eyle, 1997; Phinney,
Bowd & Patterson, 1997), but our conclusions conflict
with a recent proposal made by Harris & Watamaniuk
(1996). They found that Weber fractions for discrimi-
nating the speed of a stereo grating were high (0.3 or
greater for their two observers). These Weber fractions
were considerably higher than corresponding Weber
fractions for a luminance-defined gratings (0.05–0.10).
On the basis of this and further evidence, they con-
cluded that their observers based their speed discrimi-
nations on trial-to-trial variations of a task–irrelevent
variable (displacement) rather than on trial-to-trial
variations of speed. They suggested (Harris & Watama-
niuk, 1996) that in general, ‘there is no specialized
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mechanism for processing the speed of stereo-defined
motion’.
In an attempt to reconcile our conflicting conclusions,
we speculated that visual responses to a moving cy-
clopean target might depend on the nature of the target
(Portfors & Regan, 1997). In particular we suggested
that, although the cyclopean speed-sensitive mechanism
is strongly excited by the motion of a cyclopean target
when the disparity gradient at the target’s boundary is
spatially-abrupt (as was the case for our sharp-edged
rectangle), the cyclopean speed-sensitive mechanism
might be only weakly excited by the motion of a
cyclopean target whose boundary is defined by a com-
paratively shallow gradient of disparity (as was the case
with the sinewave grating used by Harris & Watama-
niuk (1996)).
To test this proposed explanation for the discrepancy
between the conclusions of Portfors & Regan (1997) and
the conclusions of Harris & Watamaniuk (1996) we
have now measured Weber fractions for discriminating
the speed of a drifting cyclopean sinewave grating.
The first priority in any study on speed discrimination
must be to design the experiment so that the experi-
menter can be sure that observers based their discrimi-
nations on the task-relevant variable. This requirement
poses an especially knotty problem when the moving
target is a grating, because an especially large number of
task-irrelevant variables co-vary with the speed of a
grating. As described in Section 2.2, we used an experi-
mental design that allowed us to determine whether
observers had based their responses entirely on the
task-relevant variable, and ignored all other variables
including displacement.
2. Experiment 1
2.1. Purpose
The purpose of Experiment 1 was to compare Weber
fractions for discriminating the speed of a cyclopean
grating and a luminance-defined (LD) grating.
2.2. Methods
2.2.1. Apparatus
We used the same optical system and the same
hardware dynamic random dot pattern generator as in
a previous study (Portfors & Regan, 1997). The
stereopair shown in Fig. 1(A) and Fig. 1(B) illustrates
one of the horizontal sinewave cyclopean gratings used
in Experiment 12.
We created the sinusoidal variation of disparity in
Fig. 1 (A) and Fig. 1(B) by applying to the x-axis of one
of the monitors, a sinusoidal waveform that was gated
by the frame rate of that monitor. The grating’s mean
disparity was zero. Peak-to-peak disparity was 7.6 min
arc. The sinusoidal variation of disparity was caused to
drift by creating a continuous variation of the spatial
phase of the grating by means of the frequency shifter
circuit depicted in Regan (1989) whose conceptual basis
was originally described by Hartley-Jones (1973).
We used a downwards-drifting sinewave grating with
horizontal bars 3 that filled a square field of side length
3.5 (horizontal)2.8° at the viewing distance of 0.57 m.
Each dot subtended 4.8 min arc. The dot density of
any given stereopair was 11 dots deg2. We presented
49 new random dot stereopairs per second, so dynamic
dot density was 540 dots deg2 s1. To create a
monocularly-visible grating we removed dots from
alternate bars, producing a grating of black strips con-
2 Our hardware dot generator was described by Regan & Beverley
(1984). The version used in this study cycled continuously throught N
different stereopairs. In Experiments 1 and 2, n255 so any given
pattern was repeated every 5.2 s. Therefore as a photographic expo-
sure was progressively lengthened, the film would record more and
more dots. A photographic exposure of 5.2 s or longer contained
approximately 26250 dots. This is far more dots than the display
appeared to contain when viewed by the eye, presumably because the
eye’s integration time is far less than 5.2 s. We measured the eye’s
integrating time as follows. We constructed auxiliary hardware that
caused the dynamic random dot pattern generator to cycle through a
fixed number (n) of different stereopairs, where nB255. Then we
alternated presentations of this test display with presentations of our
255 stereopair display and instructed observers to state which of the
two displays contained more dots. Observers reported that the two
displays were matched with n8 (a total of 824 dots) and that a
display with n7 was perceived as clearly containing less dots than
the 255—stereopair display. We conclude that the eye’s integration
time is approximately 160 ms, in accord with a similar estimate using
a different display (Regan, 1995). Fig. 1(A) and Fig. 1(B) is a
phtotgraph of the n8 display, and gives an accurate impression of
the perceived number of dots in the display.
3 A vertical sinewave stereo grating must necessarily contain a
periodic variation of dot density in at least one of the monocular
images. (This is not the case for square wave gratings). Thus, the
vertical stereo grating used by Harris & Watamaniuk (1996) was not
a cyclopean grating. One might argue that, in principle, it is unsafe to
draw conclusion about cyclopean vision for data obtained with
non-cyclopean targets. On the other hand, on the face of it, the
presence of a monocular cue to motion would not explain why their
Weber fractions for cyclopean motion were high.
Fig. 1. A, B: Photographs of the monitors displaying one of the
stereopairs used in Experiment 1. In binocular fusion a horizontal
sinewave cyclopean grating is visible.
R.P. Kohly, D. Regan : Vision Research 39 (1999) 1011–1024 1013
Fig. 2. Speed discrimination for a moving cyclopean sinewave grating. (A)–(G): Percent of ‘second presentation faster than the first presentation’
responses was plotted as ordinate versus speed (A), (D) and (F), displacement (B), temporal frequency (C), spatial frequency (E) and presentation
duration (G). Units on the abscissas are the ratios between the value of the particular variable in the first and second presentation. The cyclopean
grating was horizontal, subtended 3.5 (horizontal)2.8°, and moved vertically. Observer 2.
taining no dots that alternated with strips of bright
dynamic dots of 100% contrast.
2.2.2. Procedure
The set of 288 test stimuli consisted of different
combinations of speed, displacement, temporal fre-
quency, spatial frequency, and presentation duration.
The test stimuli comprised three subsets. Within the
first subset of 216 stimuli, speed, displacement, and
temporal frequency had zero correlation. Within the
second subset of 36 stimuli, speed and spatial frequency
had zero correlation. Within the third subset of 36
stimuli, speed and presentation duration had zero cor-
relation. (Our reason for using subsets of unequal size
was—bearing in mind the conclusion of Harris &
Watamaniuk (1996)—to place greater emphasis on the
possible roles of displacement and temporal frequency
than on spatial frequency and presentation duration).
The ranges of variation for test stimuli along the abscis-
sas in Figs. 2–7 were as follows: speed, 0.60–1.01 deg
s1; displacement, 0.81–2.14°; temporal frequency,
0.70–1.2 Hz; spatial frequency, 0.693–2.01 cyc deg1;
presentation duration 1.49–2.51 s. There was a 1.0 s
interval between the first (reference) and second (test)
presentations. The 288 test stimuli were presented in
random order. The speed discrimination task was to
press one of two buttons depending on whether the
grating presented second moved faster or slower than
the grating presented first. Feedback was provided.
In a separate experiment we measured grating detec-
tion threshold as follows. The reference grating had
zero peak–to-peak disparity, and the test gratings had
one of four possible peak-to-peak disparities. Presenta-
tion duration was 1.5 s, and there was a 1.0 s interval
between the two presentations. The observer’s task was
to press one of two buttons depending on whether the
grating was in the first or second presentation. Feed-
back was provided.
2.2.3. Analysis of data
We generated psychometric functions by plotting the
probability of ‘second presentation faster than the first
presentation’ responses versus grating speed and also
versus the four task-irrelevant variables. Then we fitted
cumulative normal distributions to the five psychomet-
ric functions. The Weber fraction for speed discrimina-
tion was defined as equal to:
D(du:dt)Th
(du:dt)Ref

0.5[(du:dt)75 (du:dt)25]
(du:dt)Ref
(1)
where D(du:dt)Th was the discrimination threshold,
(du:dt)Ref was the reference speed, and (du:dt)75 and
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Fig. 3. Speed discrimination for a moving luminance-defined grating. (A)–(G): Percent of ‘second presentation faster than the first presentation’
responses was plotted as ordinate versus speed (A), (D) and (F), displacement (B), temporal frequency (C), spatial frequency (E) and presentation
duration (G). Units on the abscissas are the ratios between the value of the particular variable in the first and second presentation. The
luminance-defined grating was horizontal, subtended 3.5 (horizontal)2.8° and moved vertically. Observer 2.
(du:dt)25 were, respectively, the speeds that gave 75%
and 25% ‘faster’ responses.
Grating detection threshold (d)Th was defined as
equal to the peak-to-peak disparity of the grating that
gave 75% correct detections.
In Fig. 2 the psychometric functions shown in panels
(A)–(C) were based on 1296 responses, and each of the
psychometric functions shown in panels (D)–(G) was
based on 216 responses. This was also the case for Figs.
3–7. Thus, the data shown in Figs. 2–7 were based on
a total of 10368 responses.
2.2.4. Obser6ers
Fourteen observers participated in this study. Quan-
titative data are reported for nine observers. These nine
observers reported that they could see the grating
clearly. Observers 2–4 and 6–14 were paid an hourly
fee. Observers 1 (author R. K.), 4 and 5 were experi-
enced in psychophysics. Observers 2–4 and 6–14 were
naive as to the aim of the experiment.
2.3. Results
Fig. 2(A)–(G) shows psychometric functions for cy-
clopean gratings collected from Observer 2. On each
abscissa, 1.0 represents the reference value for the rele-
vant variable. Presenting the data in this way allows the
slopes of the five psychometric functions to be com-
pared by direct inspection.
Fig. 2(A), Fig. 2(D) and Fig. 2(F) shows plots of
‘second presentation faster than the first’ responses
versus the task–relevent variable for test stimulus sub-
sets 1–3, respectively. The psychometric function was
steep in all three cases, and gave Weber Fractions of
0.106 (S.E.0.004), 0.12 (S.E.0.01) and 0.093
(S.E.0.009). These three Weber fractions were simi-
lar—as would be expected if the observer’s discrimina-
tion responses were based entirely on the task–relevent
variable for all three subsets of test stimuli.
Fig. 2(A), Fig. 2(B) and Fig. 2(C) show psychometric
functions derived from speed discrimination responses
to stimulus subset 1. The abscissa in Fig. 2(B) is
displacement and the abscissa in Fig. 2(C) is temporal
frequency. Recollect that speed, displacement and
temporal frequency were orthogonal within stimulus
subset 1. The Weber fraction was 47 times larger in
Fig. 2(B) than in Fig. 2(A), and 23 times larger in
Fig. 2(C) than in Fig. 2(A)4, indicating that the observ-
4 Stimuli were placed to maximize the efficiency of estimating the
Weber fractions for plots of response probability versus speed, as in
Fig. 2(A) (Levitt, 1971). Consequently, the points were not well
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Fig. 4. Speed discrimination for a moving cyclopean grating. Other details as for Fig. 2. Observer 1.
er’s responses were far less influenced by trial-to-trial
variations in either displacement or temporal frequency
than by trial-to-trial variations in the task–relevent
variable.
Fig. 2(D) and Fig. 2(E) shows the psychometric
functions derived from speed discriminations responses
to stimulus subset 2. Recollect that speed and spatial
frequency were orthogonal within stimulus subset 2.
The Weber fraction was 9.4 times larger in Fig. 2(E)
than in Fig. 2(D), indicating that the observer’s re-
sponses were far less influenced by trial-to-trial varia-
tions in spatial frequency than by trial-to-trial
variations in the task–relevent variable.
Fig. 2(F) and Fig. 2(G) shows the psychometric
functions derived from speed discrimination responses
to stimulus subset 3. Recollect that speed and presenta-
tion duration were orthogonal within stimulus subset 3.
The Weber fraction was 23 times larger in Fig. 2(G)
than in Fig. 2(F), indicating that the observer’s re-
sponses were far less influenced by trial-to-trial varia-
tions in presentation duration than by trial-to-trial
variations in the task–relevent variable.
A comparison of Fig. 3(A)–(G) with Fig. 2(A)–(G)
shows that the psychometric functions derived from the
speed discrimination responses of Observer 2 to lumi-
nance gratings were similar to his corresponding cy-
clopean grating data except that the Weber fractions in
Fig. 3(B), Fig. 3(C), Fig. 3(E) and Fig. 3(G) were even
larger than the corresponding Weber fractions in Fig.
2(B), Fig. 2(C), Fig. 2(E) and Fig. 2(G). The corre-
sponding ratios were, respectively 229:1, 63:1, 25:1 and
91:1, indicating that the observer’s responses were far
more influenced by the task–relevent variable than by
any task-irrelevant variable. Weber fractions in Fig.
3(A), Fig. 3(D) and Fig. 3(F) were respectively, 0.074
(S.E.0.003), 0.076 (S.E.0.008) and 0.068 (S.E.
0.008). All three were similar, as would be expected if
the observer’s discrimination responses were based en-
tirely on the task–relevent variable for all three subsets
of test stimuli.
Fig. 4(A)–(G) shows cyclopean speed discrimination
data for Observer 1 (author R.K) corresponding to the
cyclopean data shown in Fig. 2(A)–(G). Weber frac-
placed to estimate the much higher Weber fractions for psychometric
functions with much lower slopes, such as Fig. 2(B)—nor were they
intended to be. It is clear to visual inspection that the Weber fraction
in Fig. 2(B) is far higher than in Fig. 2(A), and one can calculate how
much higher with tolerable precision up to a ratio of roughly 20:1.
Beyond this point the ratio becomes less certain (though it is certainly
more than 20:1). For example, if the curve in Fig. 2(B) were horizon-
tal rather than almost horizontal, the ratio would be infinite. We
point this out only for completeness; it has no bearing on the
conclusions of this paper.
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Fig. 5. Speed discriminations for a moving luminance-defined grating. Other details as for Fig. 3. Observer 1.
tions in Fig. 4(A), Fig. 4(D) and Fig. 4(F) were, respec-
tively, 0.078 (S.E.0.007), 0.095 (S.E.0.008) and
0.081 (S.E.0.007). Ratios corresponding to those
given for the Fig. 2(A)–(G) data were as follows: 23:1,
17:1; 11:1; 85:1. Fig. 5(A)–(G) shows data for Observer
1 corresponding to the speed discrimination data for
luminance gratings shown in Fig. 3(A)–(G). Weber
fractions in Fig. 5(A), Fig. 5(D) and Fig. 5(F) were,
respectively, 0.063 (S.E.0.003), 0.052 (S.E.0.007),
0.083 (S.E.0.008). Ratios corresponding to those
given for the Fig. 3(A)–(G) data were as follows: 84:1;
104:1; 123:1; 30:1. Following our previous rationale we
conclude that for both cyclopean and luminance-
defined gratings, the speed discrimination responses of
Observer 1 were far more influenced by the task–
relevent variable than by any task-irrelevant variable.
Our line of argument is now evident. We first
checked that the Weber fractions obtained from plots
of observer response probability versus speed were the
same for all three stimulus subsets. Then within each
subset we compared the Weber fraction when speed
was plotted as abscissa with the Weber fraction(s) when
a task-irrelevant variable was plotted as abscissa. This
gave us four ratios. We regard the lowest of these four
ratios (labeled the confidence ratio in Table 1) as a
measure of the degree to which we can be confident
that the observer based his or her discrimination re-
sponses on trial-to-trial variations of the task–relevent
variable while ignoring trial-to-trial variations in the
following task–irrelevant variables: displacement; tem-
poral frequency; spatial frequency; presentation dura-
tion. Table 1 shows that the confidence ratios for
cyclopean speed discrimination varied from 11:1 (very
high confidence) to 0.93:1 (low confidence) for the eight
observers who completed the entire protocol. Psycho-
metric functions for Observers 3–7 are available on
request from author D.R. Table 1 also lists Weber
fractions, grating detection thresholds and ratios be-
tween Weber fractions for cyclopean and luminance
defined gratings.
Now we turn from observers whose confidence ratios
were very high to Observer 8, whose confidence ratio
was low. Fig. 6(A)–(G) shows cyclopean speed discrim-
ination data corresponding to the cyclopean data
shown in Fig. 2(A)–(G) and Fig. 4(A)–(G). Weber
fractions in Fig. 6(A), Fig. 6(D) and Fig. 6(F) were,
respectively, 0.110 (S.E.0.005), 0.23 (S.E.0.04) and
0.070 (S.E.0.008). The Weber fraction in Fig. 6(D)
was significantly different from the Weber fractions in
both Fig. 4(A) and Fig. 4(F) [t(5)3.55, PB0.05 and
t(5)4.51, PB0.05, respectively], in contrast with the
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Fig. 6. Speed discriminations for a moving cyclopean grating. Other details as for Fig. 2. Observer 8.
data shown in Fig. 2(A), Fig. 2(D) and Fig. 2(F) and
Fig. 4(A), Fig. 4(D) and Fig. 4(F). A further differ-
ence between Fig. 6(A)–(G) and the two earlier figures
(Fig. 2(A)–(G) and Fig. 4(A)–(G)] was that the We-
ber fraction in Fig. 6(E) was not considerably higher
than the Weber fraction in Fig. 6(D). On the contrary,
it was slightly lower (0.21 versus 0.23).
In contrast with the data for cyclopean speed dis-
crimination, a comparison of Fig. 7(A)–(G) with Fig.
3(A)–(G) and Fig. 5(A)–(G) shows that the speed
discrimination data for luminance gratings collected
from Observer 8, was essentially the same as the speed
discrimination data for luminance gratings that was
collected from Observers 1 and 2. In particular, Weber
fractions in Fig. 7(A), Fig. 7(D) and Fig. 7(F) were,
respectively, 0.062 (S.E.0.003), 0.066 (S.E.0.007)
and 0.083 (S.E.0.009). All three Weber fractions
were similar, as would be expected if the observer’s
discrimination responses were based entirely on the
task–relevent variable for all three subsets of test stim-
uli. The ratios corresponding to those given earlier for
Fig. 3(A)–(G) and Fig. 5(A)–(G) were as follows:
231:1; 50:1; 35:1; 33:1. With a confidence ratio of 33:1
we can be highly confident that, for luminance grat-
ings, Observer 8 based his discrimination responses
entirely on the task–relevent variable and ignored all
task-irrelevant variables.
For Observer 9 (not shown in Table 1), detection
threshold for cyclopean gratings was 0.36 min arc. This
was within the range of detection thresholds for Observ-
ers 1–8. As well, Observer 9 could carry out the speed
discrimination task for luminance gratings while ignoring
all task–irrelevant variables, and her Weber fraction
(0.10) fell within the range of Weber fractions for
Observers 1–8. Nevertheless, when we used cyclopean
gratings we were unable to complete the experimental
protocol—even after considerable effort and approxi-
mately 8 h of observation with cyclopean gratings—be-
cause of the observer’s frustration at receiving too much
‘response incorrect’ feedback.
We were unable to estimate Weber fractions for
discriminating the speed of a cyclopean grating for five
observers who had either very high detection thresholds
for cyclopean gratings or could not see the cyclopean
grating at all.
Finally we report that the confidence ratio for cy-
clopean speed discrimination was not well predicted by
the grating detection threshold, nor by the Weber frac-
tion for cyclopean speed, nor by the Weber fraction for
the speed of luminance-defined gratings: For Observers
1–8, only 6.9, 39 and 4% of the variance in the confidence
ratio could be predicted from grating detection threshold,
cyclopean speed Weber fraction, and luminance speed
Weber fraction respectively.
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Fig. 7. Speed discriminations for a moving luminance-defined grating. Other details as for Fig. 3. Observer 8.
3. Experiment 2
3.1. Purpose
The purpose of Experiment 2 was to find whether our
low confidence in the ability of some observers to base
their discriminations of the speed of a cyclopean grat-
ing on the task–relevent variable while ignoring task-ir-
relevant variables could be explained by insensitivity to
the presence of the grating, and in particular that the
peak-to-peak disparity of the test grating was an in-
sufficiently large multiple of the observer’s grating de-
tection threshold.
3.2. Methods
3.2.1. Rationale
It was not possible to greatly increase the peak-to-
peak disparity of the test grating without losing binocu-
lar fusion. Therefore, rather than further studying
observers whose confidence ratios were low, we investi-
gated the effect on the Weber fraction for speed dis-
crimination of varying the peak-to-peak disparity of the
test grating. Observer 1 (author R.K.) carried out Ex-
periment 2.
3.2.2. Apparatus and procedure
We used the same apparatus as in Experiment 1.
Data were collected separately for seven values of
peak-to-peak disparity. In every case, the peak-to-
peak disparities of test and reference gratings were
equal.
3.3. Results and discussion
Filled circles in Fig. 8 show that, as the peak-to-peak
disparity of the gratings was progressively increased,
the Weber fraction for speed discrimination fell from
approximately 0.14 at just above grating detection
threshold, and asymptoted to 0.05–0.07 at about 10
times above grating detection threshold. The confidence
ratio remained only moderate as grating disparity was
increased to about five times grating detection
threshold, but thereafter rose steeply to very high
values. Bearing in mind that the disparity of the mov-
ing cyclopean grating was 40, 20 and 21 times above
detection threshold for Observers 7–9 respectively,
our findings imply that the reduced abilities of these
three observers to perform the cyclopean speed dis-
crimination task was not caused by too-low grating
visibility.
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Table 1
Column 6 lists the confidence ratios for cyclopean (C in column 2) and luminance-defined (L in column 2) gratings
Detection threshold (min arc) Confidence ratioObserver Target Weber fraction (S.E.) Ratio (C:L)
0.49 (0.04) 11:1 (SF)1 C 0.090 (0.003) 1.23
L 0.069 (0.003) 30:1 (DT)
0.23 (0.01)1.53 9.4:1 (SF)0.110 (0.004)2 C
L 25:1 (SF)0.072 (0.003)
1.61 0.17 (0.01)3 C 0.140 (0.006) 7.4:1 (TF)
29:1 (displ.)0.087 (0.004)L
1.77 0.29 (0.02)4 C 0.110 (0.005) 7.3:1 (SF)
60:1 (SF)L 0.062 (0.003)
1.51 0.45 (0.03)5 C 0.110 (0.005) 2.5:1 (SF)
8:1 (SF)0.073 (0.004)L
2.2:1 (SF)1.01 (0.07)6 C 0.130 (0.006) 1.41
L 0.092 (0.004) 8:1 (TF)
0.19 (0.01)1.86 1.3:1 (SF)0.130 (0.006)7 C
0.070 (0.003) 29:1 (SF)L
0.38 (0.02) 0.93:1 (SF)8 C 0.130 (0.006) 1.83
0.071 (0.003) 33:1 (DT)L
These ratios quantify the confidence with which one can conclude that the observer based speed discriminations on speed while ignoring all
task-irrelevant variables. Column 3 lists Weber fractions for discriminating the speed of horizontal, vertically-moving cyclopean and luminance-
defined gratings. Column 4 gives the ratio of these Weber fractions. Column 5 lists peak-to-peak disparity thresholds for detecting the cyclopean
grating with standard errors in brackets. Items in brackets in column 6 are the task–irrelevent variables which determined the confidence ratios:
spatial frequency (SF); presentation duration (Dt); temporal frequency (TF); displacement (displ.).
4. General discussion
As stated earlier, our aim in undertaking this study
was to account for the conflicting conclusions of Harris
& Watamaniuk (1995) and Portfors & Regan (1997).
Harris & Watamaniuk (1995) concluded that their ob-
servers based their speed discriminations on a task–ir-
relevent variable rather than on the task–relevent
variable. We suggested that one possible reason for the
disagreement as to data was that Harris and Watama-
niuk stimulated with a grating while Portfors and Re-
gan used a single bar. Our chief finding is that several
of our observers based their discriminations of the
speed of cyclopean grating entirely on trial-to-trial vari-
ations of the task–relevent variable, while ignoring
associated trial-to-trial variations in displacement, tem-
poral frequency, spatial frequency and presentation du-
ration. We conclude that the disagreement as to data
was not due to our use of a bar rather than a grating
per se. In the Appendix A, we discuss possible reasons
why Harris and Watamaniuk concluded that their ob-
servers based their speed discrimination on a task–ir-
relevent variable.
We have defined a ratio that quantifies the confidence
with which one can conclude that a given observer
bases speed discrimination responses entirely on trial-
to-trial variations of the task–relevent variable while
ignoring trial-to-trial variations in all task-irrelevant
variables. We studied eight observers intensively. Confi-
dence ratios for discriminating the speed of cyclopean
gratings varied from a very high value of 11:1 to a
lowest value of 0.93:1. However, we cannot draw a line
at some height in Table 1, and say that observers with
confidence ratios below the line definitely do not have a
cyclopean speed mechanism. Consider Fig. 6(D) and
Fig. 6(E). If the curve in Fig. 6(D) had been flat while
the curve in Fig. 6(E) had remained steep we could
have concluded that Observer 8 did not posses a cy-
clopean speed mechanism, because he found speed dis-
criminations to be impossible when trial-to-trial
variations in spatial frequency were totally removed as
a cue to the task. We could have further concluded that
to some extent at least, the Weber fractions in Fig. 6(A)
Fig. 8. Filled symbols plot Weber fractions for discriminating the
speed of a moving cyclopean grating (left ordinate) versus the peak-
to-peak disparity of the grating (abscissa). Open symbols plot corre-
sponding confidence ratios (right ordinate). Observer 1.
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reflected the correlation between speed and spatial fre-
quency within the first subset of the 288 stimuli, and the
Weber fractions in Fig. 6(F) reflected the correlation
between speed and spatial frequency within the third
subset of the 288 stimuli. However, although we found
that the Weber fraction for speed increased considerably
when spatial frequency was removed as a cue, it did not
become infinitely large. So, although it remains a possi-
bility that Observer 8 does not posses a cyclopean speed
system, we cannot make a definite conclusion to that
effect.
The data set out in Table 1 are consistent with the
hypothesis that an individual’s ability to discriminate the
speed of a moving cyclopean grating while ignoring all
task–irrelevent variables follows a continuous function
among the normally-sighted population. Further to this
point, we might add that an individual’s confidence ratio
was not predicted by that individual’s threshold for
detecting the presence of the grating nor by that individ-
ual’s Weber fraction for discriminating the speed of
luminance-defined grating.
Confidence ratios for discriminating the speed of
luminance-defined gratings were very high for Observers
1–8 (Table 1), indicating that they were able to base
speed discriminations on the task–relevent variable
while ignoring all task–irrelevent variables.
Interestingly, we found one observer (not shown in
Table 1) whose detection threshold for cyclopean grat-
ings fell within the range of Observers 1–8, and whose
speed discrimination for luminance-defined gratings
were based on the task–relevent variable and who gave
low Weber fractions, yet had great trouble in discrimi-
nating the speed of cyclopean gratings.
In addition, and trivially, we found five observers who
were unable to discriminate the speed of cyclopean
gratings because they could not see the grating or saw
it only with difficulty (not shown in Table 1). We did not
have access to the medical records of these observers,
and in particular we are unable to state whether any of
them had a history of infantile amblyopia or strabismus.
We have previously reported evidence that the human
visual system contains a specialized mechanism for
processing the speed (i.e. distance moved per unit time)
of a cyclopean sharp-edged bar, and that this mechanism
can support the discrimination of small differences in
speed. Next we discuss whether the human visual system
contains a mechanism for discriminating the speed of a
cyclopean grating. We have found that observers can
discriminate trial-to-trial variations in the task–relevent
variable while ignoring associated trial-to-trial varia-
tions in both distance traveled during the presentation
and the duration of the presentation. But when the
moving cyclopean pattern is a sinusoidal cyclopean
grating, the speed of the pattern is unavoidably and
totally confounded with the ratio TF:SF (where SF is the
grating’s spatial frequency and TF is the local temporal
frequency of disparity oscillations. Therefore, we cannot
be certain that the speed discriminations for a cyclopean
grating is determined by the same mechanism as for a
cyclopean bar; in principle, speed discrimination for a
grating might be based on discrimination of the ratio
TF:SF, even though speed discrimination for an isolated
bar is based on discrimination of the ratio (distance
moved:time taken). We can see no way of conclusively
eliminating this residual uncertainty5. This confound is
not present when the target is a moving sharp-edged
isolated cyclopean bar—the reason why Portfors &
Regan (1997) used such a target6.
5 One reviewer indicated that this uncertainty would be resolved if
the Weber fraction for speed proved to be lower than the Weber fraction
for temporal frequency (TF) and lower than the Weber fraction for
spatial frequency (SF). We do not think that this is logically correct.
Our argument runs as follows. We make the following assumptions:
there is a population of neurons tuned to TF; over the range of TFs
used there are N subpopulations, each of which prefers a different TF;
the relative activation of these subpopulations determines the Weber
fraction for TF; there is a population of neurons tuned to SF; over the
range of SFs used there are N subpopulations, each of which prefers
a different SF; the relative activation of these N subpopulations
determines the Weber fraction for SF; the two populations feed a third
population of neurons tuned to the ratio TF:SF; the different combi-
nations of N subpopulations tuned to TF and N subpopulations tuned
to SF give N2 subpopulations tuned to the ratio TF:SF; the relative
activity within these N2 subpopulations determines the Weber fractions
for TF:SF. We now assume that each of the three Weber fractions is
determined jointly by the steepness of the tuning functions of the
relevant subpopulations, the noise level within each of the relevant
subpopulations and the noise level within the relevant comparison
mechanims (Regan & Beverley, 1985, p. 153). Now there are N2
subpopulations tuned to TF:SF compared with only N for TF and N
for SF. It is, therefore, reasonable to suppose that the slopes of the
tuning curves for TF:SF will be steeper than the slopes of the tuning
curves for either TF or SF. This difference in slopes would take us in
the direction of a lower Weber fraction for the ratio TF:SF than for
TF or SF alone. On the other hand, it is plausible that information would
be lost as we pass throught the sequence of processing. This factor would
take us in the direction of a higher Weber fraction for the ratio TF:SF
than for TF or SF alone. A third factor that could take us in either
direction is the relative noise levels in the comparator (e.g. opponent)
mechanisms. However, our purpose here is not to outline some model,
but merely to point out the model-dependent nature of the reviewer’s
statement. For completeness we carried out a further experiment to
measure these three Weber fractions. Results were as follows: 0.084 for
speed (i.e. TF:SF or Du:Dt); 0.081 for TF; 0.052 for SF.
6 One reviewer stated that, to demonstrate the existence of an explicit
speed-sensitive mechanism, it is necessary to demonstrate that speed
thresholds are as low or lower than distance and duration thresholds
for the stimuli used. We disagree. Mean angular speed over the
presentation duration Dt is defined as the ratio Du:Dt, where Du is the
angular distance moved during interval Dt. [Instantaneous speed du:dt
at any instant t is defined as LimDt0(Du:Dt)]. Several of our observers
could discriminate trial-to-trial variations in the ratio Du:Dt while
ignoring simultaneous trial-to-trial variations in Du and in Dt. [For
example, compare Fig. 2(A) and Fig. 2(B) and Fig. 2(F) and Fig. 2(G).]
It is clear that the value of the Weber fractions for discriminating Du
alone or discriminating Dt alone are not relevant to the argument just
outlined. For completeness, we state these three Weber fractions.
Results were as follows: 0.084 for speed (i.e. Du:Dt or TF:SF); 0.11 for
Du ; 0.065 for Dt.
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However, taken together with our previous findings
(Portfors & Regan, 1997), the findings reported earlier
and the findings reported in the Appendix A call into
question the experimental basis for the statement by
Harris & Watamaniuk (1996) that, in general, ‘there is
no specialized mechanism for processing the speed of
stereo-defined motion’7.
It is notoriously difficult to argue convincingly that
something does not exist; only one example is needed to
refute the generality of such a claim. This is not to deny
that observers might exist who, though they have a
mechanism for discriminating the speed of luminance
gratings, lack a specialized mechanism for discriminating
the speed of a cyclopean grating that they see clearly. It
might be that Observers 8 and 9 have this visual defect,
but were unable to provide a firm demonstration of this
point. Assuming that the defect exists, it remains to be
determined whether it is as common as red–green colour
vision defects or as rare as tritanopia. But it is not
necessarily the case that a ‘signature’ of cyclopean
motion blindness would be that the Weber fraction for
speed discrimination was large8. The technique we de-
scribe here provides a way of searching for an observer
whose cyclopean speed discrimination responses were
based entirely on speed and who ignored all task-irrele-
vant variables, even though the observer’s Weber frac-
tion for the speed mechanism was higher than the Weber
fractions for discriminating displacement, temporal fre-
quency, spatial frequency and duration.
Lastly we outline a parsimonious psychophysical
model of cyclopean speed discrimination. The original
Reichardt detector (Reichardt, 1957, 1961), and the later
‘modified’ or ‘elaborated’ Reichardt detector (van San-
ten & Sperling, 1984, 1985) both work on the basis of
‘delay and compare’. It has been pointed out that the
original Reichardt detector does not reliably signal the
correct direction of motion when the moving luminance
distribution is spatially-periodic (as, for example, in the
case of a moving sinusoidal luminance grating), but that
human observers do not report the reversals of perceived
direction of motion predicted by Reichardt’s original
model (van Santen & Sperling, 1984, 1985; Reichardt,
1957, 1961). The chief difference between the original
Reichardt detector and ‘elaborated Reichard detector’ of
van Santen & Sperling (1984, 1985) is the substitution of
linear spatial filters for the point photoreceptor of the
original detector. This modified detector reliably signals
the correct direction of motion of a moving luminance
grating. However, it cannot signal the velocity of a
moving cyclopean grating.
When we progressively increased the speed of a cy-
clopean grating of subtense 13 (horizontal)9° and
spatial frequency 0.11 cyc deg1 from 0.92 deg s1 to
23 deg s1, observers reported that the perceived speed
increased progressively, and the grating never appeared
to move in the wrong direction. We made similar
observations for cyclopean grating of spatial frequency
0.33, 0.67 and 1.0 cyc deg1 over speed ranges of
0.67–15 deg s1, 0.67–7.4 deg s1 and 0.41–5.2 deg
s1, respectively.
By analogy with the reasoning of van Santen &
Sperling (1984) we note that this finding cannot be
explained in terms of a cyclopean equivalent of the
original Reichardt detector. We propose that the human
visual pathway contains a cyclopean equivalent of the
‘elaborated Reichardt detector’ in which the two filters
tuned to the spatial frequency of a luminance grating are
replaced by two filters that are tuned to the spatial
frequency of a cyclopean grating. Cyclopean receptive
fields of this kind have been proposed by several authors
(Julesz & Miller, 1975; Tyler, 1975; Schumer & Ganz,
1979; Tyler, 1983; Yang & Blake, 1991), and it has been
recently found that the strength of the cyclopean motion
aftereffect is tuned to spatial frequency (Shorter, Bowd,
Donnelly & Patterson, 1998).
Finally, we note that, although the speed tuning
bandwidths of our proposed cyclopean ’elaborated Re-
ichardt detectors’ is not yet established, it is unlikely that
the bandwidths would be so narrow that our Weber
fractions of 0.05–0.13 could be explained on a ‘labeled
line’ basis. Within other submodalities, a proposed
explanation for low discrimination thresholds has been
by analogy with the opponent-colour process of the
classical psychophysical theory of colour vision (Regan,
1982). For example, this concept has been invoked to
explain the 0.2° binocular discrimination threshold for
the direction of motion in depth (Beverley & Regan,
1975), the 0.2–0.6° orientation discrimination threshold
for bars or gratings (Westheimer, Shimamura & McKee,
1976; Regan & Beverley, 1985) and the 5% discrimina-
tion threshold for spatial frequency (Campbell, Nach-
mias & Jukes, 1970; Regan, Bartol, Murray, & Beverley,
1982; Regan & Beverley, 1983). Further extending this
concept, here we suggest that discrimination thresholds
for cyclopean motion is determined by the relative
activity within a population of cyclopean motion detec-
tors (each of which is a cyclopean equivalent of an
‘elaborated Reichardt detector’) that prefer different
speeds of cyclopean motion.
7 The present study is restricted to cyclopean motion parallel to the
frontal plane. Harris & Watamaniuk (1995) also proposed that in
general the human visual system does not contain a specialized
mechanism for processing cyclopean motion in depth (i.e. cyclopean
motion perpendicular to the frontal plane). Elsewhere we report
evidence that this proposal is not correct (Portfors-Yeomans &
Regan, 1996)
8 In the case of luminance-defined form, it has been stated that
‘The main argument in favour of the visual system possessing a speed
processing mechanism for luminance-defined motion comes from
studies showing that speed discrimination thresholds are as good or
better than thresholds for other relevant cues’ (Harris & Watama-
niuk, 1996).
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Fig. 9. Speed discrimination for a moving vertical stereo grating that approximated the stimulus used by Harris & Watamaniuk (1996). Observer
1. This data should be compared with the data shown in Fig. 4(A)–(G).
Acknowledgements
We thank our observers for their patience and careful
observations. We thank Derek Harnanansingh and
Gordon Temple for assistance in preparing this
manuscript. This research was supported by the Natu-
ral Sciences and Engineering Research Council of
Canada (NSERC operating grant to D.R. D.R. holds
the NSERC:CAE Industrial Research Chair in Vision
and Aviation). Effort sponsored by the Air Force Office
of Scientific Research, Air Force Materiel Command,
USAF, under grant number F40620-97-1-0051. The US
Government is authorized to reproduce and distribute
reprints for governmental purposes notwithstanding
any copyright violation thereon. The views and conclu-
sions contained herein are those of the authors and
should not be interpreted as necessarily representing the
official policies or endorsements, either expressed or
implied, of the Air Force Office of Scientific Research
or of the US Government.
Appendix A
Both reviewers requested that we discuss possible
reasons for the disagreement between our conclusion
and that of Harris & Watamaniuk (1996). Accordingly,
we attempted to replicate their experimental conditions.
They used a vertical grating and a field size of 0.38
(vertically)3.06° and a dot density of 172 dots deg1.
Dot size was not specified. We used a vertical grating
and the same field size. To carry out this replication we
increased dot density from 11 dots deg1 to 126 dots
deg1 for each stereopair. Dot diameter was 4.8 min
arc. Viewing distance was 0.57 m. Otherwise we used
the same apparatus and procedure as for Experiment 1.
The peak-to-peak disparity of the test gratings was set
at 9 min arc.
Fig. 9(A)–(G) show data for Observer 1 that can be
compared with the data shown in Fig. 4(A)–(G). The
Weber fractions in Fig. 9(A), Fig. 9(D) and Fig. 9(F)
were, respectively, 0.14 (S.E.0.01), 0.23 (S.E.0.04)
and 0.14 (S.E.0.02). These are all considerably higher
than in Fig. 4(A), Fig. 4(D) and Fig. 4(F). The Weber
fractions in Fig. 9(B) & Fig. 9(C) were, respectively 7.9
and 2.6 times higher than the Weber fraction in Fig.
9(A). The Weber fractions in Fig. 9(E) was only 1.3
times higher than the Weber fraction in Fig. 9(D). The
Weber fraction in Fig. 9(G) was 4.0 times higher than
the Weber fraction in Fig. 9(F). Thus, the confidence
ratio was only 1.3:1 compared with 11:1 in Experiment
1.
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Furthermore, the highest ratio in Fig. 9(A)–(G) (i.e.
7.9:1) was lower than the lowest ratio in Fig. 4(A)–(G)
(i.e. 11:1).
We conclude that, although Observer 1 based her
responses on the task–relevent variable and ignored all
task–irrelevent variables in Experiment 1, she was un-
able to ignore all task–irrelevent variables (especially
spatial frequency and temporal frequency) when we
approximated the stimulus conditions of the Harris &
Watamaniuk (1996) report.
With the aim of teasing out the cause of this differ-
ence, we increased the field size from 0.38 (vertical)
3.06° to 2.7 (vertical)3.06°, and repeated the
experiment. The confidence ratio increased tenfold
from 1.3:1 to 13:1. And the Weber fractions corre-
sponding to Fig. 9(A), Fig. 9(D) and Fig. 9(F) respec-
tively fell to 0.084 (S.E.0.003), 0.073 (S.E.0.008)
and 0.092 (S.E.0.009). [Details were as follows: We-
ber fractions corresponding to Fig. 9(B) and Fig. 9(C)
were, respectively, 18 and 23 times higher than the
Weber fraction corresponding to Fig. 9(A); the Weber
fraction corresponding to Fig. 9(E) was 33 times higher
than the Weber fraction corresponding to Fig. 9(D);
the Weber fraction corresponding to Fig. 9(G) was 13
times higher than the Weber fraction corresponding to
Fig. 9(F)].
We conclude that a sufficient explanation for the
inability of the observers used in the Harris & Wata-
maniuk (1996) study to discriminate speed on the basis
of trial-to-trial variations in the task–relevent variable
was that their stereo gratings had bars that were too
short. This conclusion is in accord with evidence that
receptive fields for cyclopean form and cyclopean mo-
tion are considerably larger than the corresponding
receptive fields for luminance-defined form (Tyler,
1974; Patterson, Ricker, McGary & Rose, 1992; Phin-
ney, Wilson, Hays, Peters & Patterson, 1994).
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